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THE INSTITUTE OF PAPER CHEMISTRY
Appleton, Wisconsin
FUNDAMENTALS OF INTERNAL STRENGTH ENHANCEMENT
PART ONE: IMPROVED BONDING VIA CHEMICAL ADDITIVES
SUMMARY
Laboratory work completed since issuance of the last progress report1
consisted of the following units:
1. Evaluation of anionic polymers/PAE (polyamide polyamine
epichlorohydrin) in comparisons against CMC (carboxymethyl
cellulose)/PAE and PAA (polyacrylic acid)/PAE combinations.
2. The effectiveness of CMC/PAE2 and PAA/PAE in a wide
range of pulps, both whole and classified.
3. The effects of fines and bonding agents in average and
high-yield pulps.
4. Analysis of bonding mechanisms.
5. External treatments.
Several anionic polymers other than CMC and PAA were evaluated under
Unit 1. The anionic polymers included sodium polystyrene sulfonate (PSFA), sodium
alginate, pectins, and carboxymethylated corn (CMCS) and potato starch (CMPS).
These materials were tested at total addition levels of approximately 1.0-2.0%
based on fiber. The anionic agent/PAE polymer ratio was varied in each case in
an effort to establish an optimum ratio for strength properties. CMC/PAE and
PAA/PAE were used at the "standard" ratios of 0.4/1.0 and 0.2/1.0, respectively.
(Note: Henceforth in this report, the use of CMC/PAE and PAA/PAE will refer to
these ratios at addition levels of 1.4 and 1.2%, respectively.) Average yield
and 57% yield southern pine unbleached kraft pulps were utilized in this unit.
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Results show that synergistic effects occurred in all anionic/PAE combinations,
but CMC/PAE proved most effective on an overall basis. Of the new duopolymer
systems, carboxymethylated potato starch/PAE proved to be the most interesting,
considering performance and economic factors. By way of direct comparison, CMC/
PAE provided higher dry and moist breaking lengths than 1:1 CMPS/PAE but the
latter proved to be of equal or greater effectiveness in moist Et and STFI
compressive strength. Unusually high moist compressive strength factors were
obtained with the 57% yield unbleached kraft sheets in the presence of PAE,
CMC/PAE, and PAA/PAE. Other results of interest in Unit 1 showed that
increasing sheet density via wet pressing failed to match the strength afforded
by CMC/PAE or PAA/PAE at roughly equal density.
Under Unit 2, the efficiency of CMC/PAE and PAA/PAE was examined in a
wide range of whole and classified pulps including softwood TMP, softwood chemi-
mechanical pulp (CMP), softwood bleached kraft, and several samples of softwood
unbleached kraft. CMC/PAE was found to be effective in all pulps tested and it
was more effective than PAA/PAE in most cases. In turn, PAA/PAE was generally
more effective than 1.5% PAE with some exceptions noted in the TMP and a 49%
yield kraft pulp. In general, the bonding agents were more effective in the
classified pulps when comparisons were made against the controls. However,
overall strength was higher in the whole pulps as might be expected. In several
cases, classified pulps treated with CMC/PAE approached or equalled the strength
of the whole pulps treated in the same manner. It is of interest to note that
the bonding agents were more effective in improving strength than stiffness




The study of fines and polymer effectiveness (Unit 3) involved two
widely differing pulps, i.e., hemlock TMP and an average yield southern pine
unbleached kraft. In the case of the TMP, the readdition of untreated fines to
the classified pulp produced dry and moist tensile properties which were roughly
comparable to or greater than those of the whole pulp when measured at the same
sheet moisture content. The addition of polymer bonding agents to the
classified (long) fiber fraction was generally more effective than addition to
the fines fraction. Combining CMC/PAE-treated classified fibers and fines to
form a whole treated pulp was, in most cases, more effective than adding the
same amount of polymer to the original whole pulp. In general, CMC/PAE was more
effective than PAA/PAE in this pulp and PAA/PAE was only marginally better than
PAE alone. In the case of the unbleached kraft pulp, readdition of fines to the
classified pulp failed to match the original whole pulp in strength properties.
Once again maximum strength was generally obtained when the polymers were added
to the long fiber fraction or to both the long fiber and fines fractions in pro-
portion to their weight. In this case, the duopolymer systems were more effec-
tive than PAE in both the classified and whole pulps.
In a continuing study of bonding mechanisms in duopolymer systems
(Unit 4) several series of tests were carried out using diffuse reflectance
FTIR analysis. Polymers which were capable or incapable of forming covalent
bonds with cellulose or with themselves were used in this study. The results
revealed that rather substantial strength improvements can be achieved in the
absence of covalent bonding; more specifically, in the absence of ester for-
mation. However, the maximum overall strength levels attained under these con-
ditions were lower than those produced by ester formation.
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INTRODUCTION
This is Progress Report Two on Project 3526 entitled, "Fundamentals of
Internal Strength Enhancement." This phase of the program is concerned with
improved bonding via chemical additives with emphasis directed to moist strength
properties including extensional stiffness and compressive strength.
Results in Report One revealed that at least two polymer combinations
provided levels of strength which were markedly higher than those of the
appropriate controls in classified southern pine unbleached kraft pulps of
average yield (47-49%). The additives of primary interest were comprised of
combinations of CMC and PAE and of PAA and PAE. In addition to high levels of
dry, moist, and wet tensile properties, these combinations also improved Et,
stretch, and TEA significantly. The effectiveness of the chemical additives was
frequently measured in terms of moist and wet tensile factors which were
arbitrarily defined as the breaking length of the treated papers divided by that
of the untreated controls. Moist and wet tensile factors for the polymer com-
binations reached values of 2.6 and 17.0-18.0, respectively, compared to 1.8 and
12.8 for the PAE treated controls. Diffuse reflectance FTIR analysis indicated
that covalent bonds are formed in the presence of the polymer combinations.
Supplementary studies indicated that papers containing CMC/PAE and PAA/
PAE can be repulped in the laboratory under conditions which approach those used
for PAE treated papers with perhaps some modification in time and/or temperature.
The present report extends the work described in Report One to include
a) additional anionic polymer/PAE combinations, b) the effectiveness of CMC/PAE
and PAA/PAE in a wide range of pulps in whole and classified condition, c) the
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effect of fines and duopolymer additives in two pulps differing widely in type
and yield, d) further examination of bonding mechanisms in duopolymer systems,
and e) external treatments for strength enhancement.
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EXPERIMENTAL PROCEDURES AND RESULTS
PULPS, HANDSHEET PREPARATIONS, AND TESTING
The pulps used in this part of the program included the following:
1. 57% yield southern pine unbleached kraft; kappa No. 102.3
2. 47.2% yield southern pine unbleached kraft; kappa No. 34.3
Note: This pulp was described in Progress Report One and
was used to a very limited extent in the current work.
3. 49% yield southern pine unbleached kraft; kappa No. 36.3
4. Once-dried southern pine unbleached kraft of 46.5-47.0% yield;
kappa No. 28 (93% pine; 7% mixed southern hardwoods)
5. Once-dried hemlock TMP of 88-90% yield
6. 85-89% yield spruce chemimechanical pulp (CMP)
7. Once-dried spruce and/or hemlock bleached kraft of average yield
Pulps 1, 2, 3, and 6 were prepared at the Institute whereas Pulps 4, 5, and 7
represent commercial grades. With the exception of the TMP and chemimechanical
grades, all pulps were beaten in tap water to 370-410 mL CSF. All or a portion
of each pulp was classified (fines removed) on the Institute's continuous web
former. The freeness of the classified pulps fell in the range of 700-780 mL
CSF. The TMP was beaten 10-15 minutes to remove fiber bundles, resulting in a
freeness of 90 mL CSF. Part of the TMP was classified, in which case the
resulting freeness was 140 mL CSF. The spruce chemimechanical (CMP) was beaten
to 600 mL CSF and a portion was classified on the web former. The freeness of
the classified pulp was 770 mL CSF. In several cases, the fines removed on the
web former were retained for further study by collecting the white water and
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allowing the fines to settle at room temperature over a period of time including
several steps of concentration by decantation of the supernatant liquid. All
pulps were dewatered to 25-30% solids and stored at 40°F in the presence of a
small amount of preservative. The chemical composition of the pulps together
with the fiber length distribution and fines content are summarized in Table 1.
Sufficient dewatered pulp to prepare one set of handsheets was
redispersed at 1% consistency in tap water by subjecting the suspension to five
minutes (600 counts) treatment in a British Disintegrator. The fiber slurry was
then diluted with tap water to provide a consistency of 0.5% for subsequent
sheetmaking. Each additive was metered as a 1% aqueous solution into the pulp,
followed by five minutes of stirring. When used, PAE either alone or cooked in
combination with unmodified cornstarch was added to the pulp first followed by the
anionic cpmponent (Ex. CMC, PAA, etc.). The pH of the fiber-additive mixture
was not controlled except in some cases where rosin-alum sizing, pectins, or PAA
were used. In these cases the pH was controlled at 4.0 or 4-5 depending upon
the additive. In most other cases the pH fell in the range of 7-9. A measured
amount of fiber suspension sufficient to form a 2.5 g handsheet was added to a
Noble and Wood sheetmold along with additional water so as to provide a forming
consistency of 0.04%. The forming wire was 100-mesh monel in all cases. The
handsheets were couched from the wire onto blotter stock. Unless specified
otherwise, the handsheets were pressed between blotter stock for five minutes at
50 psig and then dried seven minutes in contact with one blotter on a steam drum
at 220°F. After conditioning at 50% RH and 73°F, the handsheets were tested
for basis weight, density, dry and moist breaking length, tensile energy absorp-
tion (TEA), extensional stiffness (Et), and stretch. Wet breaking length was





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































STFI compressive strength was added to the test list after several units of work
had been completed. Sizing (water resistance), when measured, was determined by
the fluorescence size or water drop test. "Moist" refers to paper conditioned
at high relative humidity, usually 91-93% RH, and 73°F to yield a moisture con-
tent of approximately 15-17%. Moist tensile factor is arbitrarily defined as
the ratio of the moist breaking length of the treated sheets divided by that of
the untreated controls. A similar definition applies to wet tensile and moist
compressive strength factors. Note: The average air-dry weight for each set of
handsheets was used in determining dry, moist, and wet breaking length.
ANIONIC POLYMER/PAE COMBINATIONS
Work'with duopolymer systems was extended to include several anionic
carboxyl-bearing polymers in combination with PAE. Some of this work was
carried out with the classified 57% yield southern pine unbleached kraft (Pulp
no. 1). In addition to the reference PAE, CMC/PAE, and PAA/PAE "standards,"
combinations of sodium polystyrene sulfonate (PSFA)/PAE and alginate/PAE were
tested over a range in addition level with a maximum total addition level of
1.6% based on fiber. Results for this series are presented in Table 2 and
Fig. 1 to 7. Table 2 also includes results pertaining to the effects of sheet
density and sizing agents on sheet properties.
The suggestion was made during the course of the program that pectins
might be effective bonding agents for cellulose. Accordingly, the sorptive
properties of pectins and related materials in the classified 49% yield southern
pine unbleached kraft pulp (Pulp no. 3) were examined. While the results showed
rather poor adsorption, the decision was made to pursue the evaluation. Accord-
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The effect of additive ratio on dry breaking length.
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The effect of additive ratio on moist TEA (57%
yield softwood unbleached kraft - classified).
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Pulp No. 3 at an addition level of 2%. The results of the strength tests which
are presented in Table 3 clearly indicate that pectins, by themselves, are poor
bonding agents. However, since pectins are anionic polymers, the decision was
made to add pectins in combination with PAE as had been done with CMC, alginate,
etc. The results of these tests are presented in Table 4, and strength proper-






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































tn oN I y
0 PO 0 ri







0.2 0.4 0.6 0.6
PECTIN/PAE RATIO
The effect of fruit pectin/PAE ratio on dry breaking length












1.00.3 0.4 O,6 0.6
PECTIN/PAE RATIO
The effect of fruit pectin/PAE ratio on dry TEA
(49% yield softwod unbl. kraft - classified).
CONTROL.- CNIC/PAR
____ CONTROL. PAAJPAE















-(a~~sez- jjj- -Tu pomi PT9TA %60)
OIIVU 3Vd/NI133d
0Lt e'9,0 V0 Z'O
-(p~jssjz- ija) -Tqunl poomijos paT1A UVt)
IS Aip uo opiv HVd/u1j~ad ~jnj; go 139;ja q*01 ajn2Thj
OI1VUi 3Vd/NI133d
O'L 909,0 110











I I I I I
1OUJNOO )NNV"
---3V 3W- 10HlNO3 -
3Vd/V~d -10HIJNOO








*(PaT-JTSSB-D -:Ijuix *Tqun poomijos PTBTA %6V)
la Is~ow uo o~v 2FVd/upj~d vjn.Ij jo l~jja iaqj. C ain









,(paIj1ssvIZ -jj Tqu poomajos PT9IL %6')
,val jsTow uo o~j g Vd/uP:-ad j~naj 'jo -ajgaaj
OIIWN 3vd/NILOd







o~~b11 ~~~ o dj-zz - 9~~~Z SC qo q 1oj a
1OVINO3 wNyls




A third series involving anionic polymer/PAE combinations used carboxy-
methylated starch in the once-dried, classified unbleached kraft pulp (Pulp No.
4). This unit consisted of the addition of carboxymethylated corn and potato
starches, each over a range in starch/PAE ratio. The starches were prepared by
heating the aqueous suspension for 20 min. at 95°C. Results of the physical
tests for this series are presented in Table 5, and selected strength properties
as a function of starch/PAE ratio are shown in Fig. 14 to 18.
Note: The evaluation of the anionic polymer/PAE combinations
was carried out over an extended period of time
(approx. 1 yr.). Accordingly, it was necessary to
change pulps, since some supplies were exhausted in the
interim. This is also the reason for slight differences
in the physical tests employed.
EFFICIENCY OF CMC/PAE and PAA/PAE
IN WHOLE AND CLASSIFIED PULPS
This unit will overlap the first, since some of the same bonding agents
and pulps were used in both cases. The work is intended to compare the effec-
tiveness of the reference "standard" bonding agents in the classified and whole
pulps or, in effect, to show the general influence of fines on polymer effec-
tiveness. A more complete study of fines polymer interactions comprises the
subject matter of the next unit.
The first series of comparisons involved the use of the hemlock TMP
(Pulp No. 5), and the physical test results are presented in Table 6. Bar graphs
showing breaking length and Et for the whole and classified pulps are presented
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Figure 14. The effect of anionic starch/PAE ratio on dry breaking length
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Figure 15. The effect of anionic starch/PAE ratio on moist breaking length
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Figure 16. The effect of anionic starch/PAE ratio on dry Et
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Figure 18. The effect of anionic potato starch/PAE ratio on
STFI compressive strength (classified softwood
unbleached kraft - Pulp No. 4).
The second comparison of classified and whole pulps involved the 49%
yield southern pine unbleached kraft (Pulp No. 3). The results for the series
are presented in Table 7. Since the polyacrylic acid used in this program is
rather strongly acidic and since pH will affect ionization, the decision was
made to compare PAA/PAE effectiveness at pH 7-9 and at pH 4.5-5.0. Results are
presented in Table 8. Bar graphs showing breaking length, Et, and STFI
compressive strength are presented in Fig. 24 to 29.
Subsequent comparisons included the once-dried softwood unbleached kraft
(Pulp No. 4), the spruce chemimechanical pulp (Pulp No. 6), and the softwood
bleached kraft (Pulp No. 7). The latter comparison included a series incorporating
carboxymethylated fiber as part of the total fibrous component. Physical test
results for these pulps are presented in Tables 9-11, and the bar graphs are
shown in Fig. 30 to 47. The effect of fibrous CMC content on the strength prop-
erties of the bleached kraft pulp is shown in Fig. 48 to 49.

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 20. Moist breaking length - softwood TMP.
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THE EFFECT OF FINES AND FINES-POLYMER INTERACTIONSU .u 4.0 - U A. a.o IL2.0 DRY COMPRESSIVE MOIST COMPRESSIVESTRENGTH STRENGTH
Figure 23. STFI compressive strength - whole softwood TMP.
THE EFFECT OF FINES AND FINES-POLYMER INTERACTIONS
Unit 3 examines the effect of fines and chemical bonding agents in two
pulps differing widely in pulping procedure and wood source. In the first of these,
a western hemlock TMP (Pulp No. 5) was beaten lightly to remove fiber bundles.
Part of this pulp was classified on the Institute's continuous web former. Bauer-
McNett classification of the whole pulp indicated a fines content of 30% (through
200 mesh sieve). Handsheets were subsequently formed from the whole and classified
pulps and from the classified pulp after addition of 5, 10, 20, 30, and 60% of
isolated fines. The effects of the duopolymer "standards" (CMC/PAE & PAA/PAE)
on stength properties was determined by adding the bonding agents to
a) the fines fraction only
b) the classified fiber only, and





Table 7. The effectiveness of bonding agents in a softwood unbleached kraft pulp.
(49% yield).
Set Additives, Z





















74 PAE, 1.0; CMC, 0.4




27 PAE, 1.0; CMC, 0.4
28 PAE, 1.0; PAA, 0.2
65.2 0.449 6.14 0.162 8.74
61.9 0.453 7.06 0.643 9.86
65.9 0.464 7.99 0.383 11.7
63.0 0.472 8.33 0.337 2.0














































74 PAE, 1.0; CMC, 0.4




27 PAE, 1.0; CMC, 0.4






















































































































































Table 7 (Continued). Th
(4
Set Additives, %




74 PAE, 1.0; CMC, 0.4




27 PAE, 1.0; CMC, 0.4

























































































Notes: Handsheets formed at pH 7-9.
The STFI compressive strengths were determined after the handsheets had aged
approximately 1 year at room temperature.
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Table 8. A comparison of duopolymer systems under acidic and slightly alkaline forming conditions.






PAE, 1.0; CMC, 0.4































































74 PAE, 1.0; CMC, 0.4
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WHOLE PULP CLASSIFIED PULP
Figure 27. Moist Et - 49% yield softwood unbl. kraft.



























































































































83 PAE, 1.0; CMC, 0.4




50 PAE, 1.0; CMC, 0.4
51 PAE, 1.0; PAA, 0.2
Basis Apparent Breaking TEA,

















0.501 7.35 0.085 1:
0.506 6.97 0.280 1
Classified Pulp
0.447 3.83 0.284 
0.442 5.27 0.361
0.447 5.38 0.368
0.484 7.27 0.531 1:






































































83 PAE, 1.0; CMC, 0.4




50 PAE, 1.0; CMC, 0.4












2.84 0.224 5.52 0.706 141 4.7
4.42 0.277 9.76 1.33 135 7.4
4.48 0.188 8.95 0.429 132 8.6
5.17 0.244 11.39 0.851 140 3.3



























































































































































































































































































































































































































































































































































































































































































































































































































































































Table 10. The effectiveness of bonding agents in a softwood chemimechanical pulp
(85-88% yield).
Set Additives, %




88 PAE, 1.0; CMC, 0.4




93 PAE, 1.0; CMC, 0.4
94 PAE, 1.0; PAA, 0.2
Set Additives %
No. based on fiber
Dry Strength
Basis Apparent Breaking TEA,
Wt., Density, Length, km kgm/m 2












0.386 5.24 0.222 4.04
0.396 6.79 0.282 6.03
0.396 6.25 0.379 4.95
0.405 6.86 0.424 6.14
0.390 6.62 0.311 5.84
Classified Pulp
0.339 3.93 0.150 2.64
0.336 5.59 0.097 5.08
0.344 5.15 0.226 4.02
0.352 6.33 0.424 5.86

















Length, km kgm/m 2























88 PAE, 1.0; CMC, 0.4




93 PAE, 1.0; CMC, 0.4























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































So '1 rt 0
8
Project 3526
Table 11. The effectiveness
Set Additives, %




98 PAE, 1.0; CMC, 0.4
99 PAE, 1.0; PAA, 0.2
of polymer combinations in softwood bleached kraft.
Dry Strength Properties
Basis Apparent Breaking
Wt., Density, Length, km
g/m 2 g/cc Av. SD
Whole Pulp
65.2 0.516 4.35 0.220
64.7 0.509 5.15 0.345
64.7 0.520 5.53 0.290
67.9 0.537 6.88 0.147







































PAE, 1.0; CMC, 0.4
PAE, 1.0; PAA, 0.2
105 99.6:0.4 B1. Kraft:
CMC Fiber, PAE, 1.0
106 99:1 B1. Kraft:
CMC Fiber, PAE, 1.0
107 95:5 B1. Kraft:
CMC Fiber, PAE, 1.0
108 90:10 B1. Kraft:





0.491 4.77 0.565 7.67 1.579 322 27.6 3.4 0.34





































































































98 PAE, 1.0; CMC, 0.4










PAE, 1.0; CMC, 0.4
PAE, 1.0; PAA, 0.2
105 99.6:0.4 B1. Kraft:
CMC Fiber, PAE, 1.0
106 99:1 B1. Kraft:
CMC Fiber, PAE, 1.0
107 95:5 B1. Kraft:
CMC Fiber, PAF, 1.0
108 90:10 B1. Kraft:


















































3.15 0.289 5.59 0.757 130 9.9 4.7 0.25 1.82
3.47 0.221 6.85 0.994 133 8.5 5.0 0.41 2.00
4.02 0.257 9.19 0.432 120 11.9 6.0 0.30 2.32




















































Table 11 (Continued). The effectiveness of polymer combinations in softwood bleached kraft.
Set Additives %











98 PAE, 1.0; CMC, 0.4

























103 PAE, 1.0; CMC, 0.4





















105 99.6:0.4 Bl. Kraft:
CMC Fiber, PAE, 1.0
106 99:1 Bl. Kraft:
CMC Fiber, PAE, 1.0
107 95:5 B1. Kraft:
CMC Fiber, PAE, 1.0
108 90:10 B1. Kraft:





78.3 7.66 0.718 3.34
79.1 7.58 0.525 3.23
74.3 8.25 0.782 3.26
77.0 8.36 0.704 3.12
Set Additives, 2
No. based on fiber
1740
Eater
Diffuse Reflective FTIR Analysis




103 PAE, 1.0; CMC, 0.4
105 99.6:0.4 B1. Kraft:
CMC Fiber, PAE, 1.0
aBrightness was not measured it
hence values may be in error.
























































































































WHOLE PULP CLASSIFIED PULP
















































WHOLE PULP CLASSIFIED PULP
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WHOLE PULP CLASSIFIED PULP
Figure 33. Moist Et - once dried softwood unbi. kraft (46-47% yield).














Figure 34. Dry STFI compressive strength - once dried softwood unbl. kraft.
- 4 4
0


















































































































WHOLE PULP CLASSIFIED PULP
















Figure 37. Moist breaking length - softwood chemimechanical pulp.





















































































WHOLE PULP CLASSIFIED PULP







































WHOLE PULP CLASSIFIED PULP
Figure 39. Moist Et - softwood chemimechanical pulp.
































































WHOLE PULP CLASSIFIED PULP















































Figure 41. Moist STFI compressive strength - softwood chemimechanical pulp.
















































WHOLE PULP CLASSIFIED PULP


















































Figure 43. Moist breaking length - softwood bleached kraft.
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WHOLE PULP CLASSIFIED PULP



































































WHOLE PULP CLASSIFIED PULP






















































-MIt s re.!Ith level produced PI water-soluble
K CC PA (CUC_/PAE.O.4f)
0
x Dry Breaking Length
o Moist Breaking Length
1.01
0 2 4 6 a
CMiC FIBER CONTENT. %
IV
Figure 48. The effect of CMC fiber content on breaking length -










- Molst El produced by waler-soluble CMC + PAE
- - -- - - - - - _CMC/PAE *0.4) __
10 lz_0 2 4 6 a
CMC FIBER CONTENT, %
Figure 49. The effect of CMC fiber content on Et -
with 1% PAE added.






For purposes of reference, handsheets were also formed from the whole
pulp with addition of PAE, CMC/PAE, and PAA/PAE. Results for this series are
presented in Table 12. Breaking length and Et as a function of untreated fines
addition are shown in Fig. 50 and 51. Note that moist strength properties in
Table 12 were determined at two relative humidity conditions, 91-93 and 88-89%.
The lower humidity resulted in sheet moisture contents which were closer to
those encountered with the kraft pulps.
A similar fines-additive study was conducted with the once-dried aver-
age yield unbleached softwood kraft pulp (Pulp No. 4). In this case the whole
pulp contained 12% of fines and the readdition steps were 4, 8, 12, and 24%.
Also, in the bonding agent part of the study, the addition of treated or untreated
fines was 12%. Results for this series are presented in Table 13, and the effect
of treated fines addition on strength properties is shown in Fig. 52 and 53.
ANALYSIS OF POLYMER-FIBER BONDING MECHANISMS
The use of diffuse reflectance FTIR analysis of polymer treated papers
was continued using handsheets from pulps differing in yield and wood source.
In the initial series the additives were applied by immersing in aqueous solu-
tions of the additives under controlled conditions followed by drying 10 minutes
at 105°C. The ratio of the 1740 ester band/1650 amide band was measured, and the
results are recorded in Table 14.
In pursuing the analysis of bonded papers, further efforts were made
to determine if a satisfactory definition of bonding mechanisms could be
achieved through diffuse reflectance FTIR when the bonding agents were added to
the fiber before sheet formation. In this direction, handsheets were prepared
from two average-yield classified unbleached kraft pulps (No. 2 and 4) under





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































a 0 rpI- I
Project 3526
Table 12 (Continued). The effect of fines and bonding agents
properties - softwood TMP.a
on strength
Set Description-Additives, % Based on
No. Fiber or Fines
Blank controls - whole pulp
Blank controls - classified pulp
Classified pulp + 5% of untreated
Classified pulp +10% of untreated
Classified pulp +20% of untreated
Classified pulp +30% of untreated









Classified Pulp + 30% of Treated Fines
------ Treatments ------
PAE, 1.5
PAE, 1.0; CMC, 0.4
PAE, 1.0; PAA, 0.2










































PAE, 1.0; CMC, 0.4
PAE, 1.0; PAA, 0.2
PAE, 1.0; CMC, 0 .4c




123 PAE, 1.0; CMC, 0.4
124 PAE, 1.0; PAA, 0.2
63 Whole pulp, PAE, 1.5
64 Whole pulp, PAE, 1.0; CMC, 0.4
65 Whole pulp, PAE, 1.0; PAA, 0.2
aHemlock; 30% of fines in whole pulp.
bFines treated with CMC/PAE in an amount equiv. to that added
CClass fiber treated with CMC/PAE in an amount equiv. to that
dMoisture content at 91-93% RH.
eMoisture content at 88-89% RH.
to whole pulp.
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O__ryTen lie -Whole Pulp with 30% fines
0
x lrt Breaking Length(5-%Motue[. ry Mis Breaking Length 116 Mosue
AWtBreaking Lengthj Wet _1ensile- Whole ulp 'with 30%_fines a
CD I I t I
0 5 10 ~~I§ t0 25 go
UNTREATED FINES ADDITION, %





O_ _ Et -Whole ull:L with 30% tInes- _ x
~ ~~~7 x M t lWhl pl with 30% fines
x Dry Et
a Moist Et (15-16% Moisture)
0 5 10 15 20 25
UNTREATED FINES CONTENT, %
30

















Table 13. The effect of fines and bonding agents on strength properties - av. yield softwood unbleached kraft.
Dry Strength Properties
Basis, Apparent Breaking TEA, Et, Stretch,
Set Wt. Density, Length, km kgm/m2 kg/cm %
No. g/m2 g/cc Av. SD Av. SD Av. SD Av. SD
80 Blank controls - whole pulp 63.9 0.484 5.20 0.196 7.93 0.939 385 6.4 3.3 0.25
47 Blank controls - classified pulp 62.9 0.447 3.83 0.284 4.51 0.563 316 33.5 2.6 0.26
125 Classified pulp + 4% of untreated fines 64.9 0.455 4.01 0.217 5.09 0.742 330 15.3 2.7 0.23
126 Classified pulp + 8% of untreated fines 62.7 0.452 4.54 0.226 5.49 0.737 349 14.8 2.7 0.23
127 Classified pulp + 122 of untreated fines 62.4 0.464 4.91 0.148 6.17 0.929 364 14.6 2.8 0.34
128 Classified pulp + 24% of untreated fines 62.8 0.497 5.39 0.188 7.97 0.379 380 20.3 3.3 0.23
Classified Pulp + 12% of Treated Fines
----- Treatments ------
129 PAE, 1.5 62.6 0.480 5.35 0.356 7.57 1.61 370 15.1 3.2 0.49
130 PAE, 1.0; CMC, 0.4 61.6 0.481 5.28 0.218 7.22 1.015 361 8.5 3.1 0.31
131 PAE, 1.0; PAA, 0.2 61.1 0.477 5.46 0.195 8.00 0.422 358 15.3 3.4 0.12
132 PAE, 1.0; CMC, 0.4 a 63.8 0.493 6.92 0.664 11.03 2.366 415 22.4 3.7 0.49
Treated Classified Pulp + 12% of Untreated Fines
------ Treatments ------
133 PAE, 1.5 62.7 0.502 7.09 0.263 10.57 0.448 421 9.7 3.5 0.12
134 PAE, 1.0; CMC, 0.4 64.4 0.520 7.68 0.326 14.03 0.983 426 23.0 4.2 0.20
135 PAE, 1.0; PAA, 0.2 64.1 0.503 7.42 0.326 12.61 0.682 442 26.5 3.9 0.14
136 PAE, 1.0; CMC, 0 .4b 61.1 0.505 7.92 0.593 12.88 1.461 429 29.9 4.0 0.22
Treated Classified Pulp + 12% of Treated Fines
------ Treatments ------
137 PAE, 1.5 61.7 0.494 6.75 0.293 9.25 0.674 414 25.9 3.3 0.19
138 PAE, 1.0; CMC, 0.4 61.6 0.514 7.47 0.107 12.30 0.580 402 8.1 4.0 0.19
139 PAE, 1.0; PAA, 0.2 63.3 0.517 6.79 0.300 10.64 1.410 412 15.3 3.6 0.35
82 Whole pulp; PAE, 1.5 62.8 0.485 6.31 0.268 9.47 0.757 395 18.0 3.5 0.22
83 Whole pulp; PAE, 1.0; CMC, 0.4 61.8 0.501 7.35 0.085 13.05 0.747 397 15.3 4.3 0.24


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































x Dry Breaking Length
o Moist Breaking Length (15-16% Moisture)
A Wet Breaking Length
_ Di Tensile-Whole pulp_with 12% tines _
x
x
Moist Tensile-Whole pulp with 12% tines
0
Wet Tensile-Whole pulp with 12% fines
'- -» I /'II I I. I ' 
Report Two
2 4 6 8 10 1 2
UNTREATED FINES ADDITION. %
of fines on tensile strength (southern pine unbl. kraft).
_ ry Et- Whole pulp wIth 12% fines
x Dry Et
o Moist Et (15-16% Moisture)
Moist Et-Wholpulp withl12% fines
0 0--
Z 4 6 8 10 12
UNTREATED FINES ADDITION, %





Table 14. FTIR analysis of handsheets treated by immersion with polymer
combinations.

























88% Yield softwood TMPa





88% Yield softwood TMPa










aEster band evident in blank controls;
in the FTIR analysis.



















































A brief series of tests was carried out using softwood unbleached
kraft (Pulp No. 2). These tests involved the addition of polyethyleneimine
(PEI) alone and in combination with PSFA or PAA. In theory, covalent bonding
could not occur with PEI or PEI/PSFA. However, covalent bonding could con-
ceivably occur in the presence of PAA/PEI through ester formation with cellulose
hydroxyls. The strength and analytical results for this brief series are pre-
sented in Table 15.
A more extensive examination of polymer combinations, their effects
on strength properties, and possible bonding mechanisms are presented in Table
16. This series involved the use of PEI and PDDAC (polydiallyl dimethyl ammo-
nium chloride) in classified Pulp No. 4. The latter was used alone and in
combination with PAA at pH 4 and with PSFA and PAA at pH 7-9. The formation of
ester bonds and, hence, covalent bonding had been established previously for the
CMC/PAE and PAA/PAE combinations, and hence these tests were not repeated in this
series.
EXTERNAL TREATMENTS WITH POLYSTYRENE
Blank handsheets prepared from the (whole) once-dried softwood
unbleached kraft (Pulp No. 4) were immersed in 10 and 20% polystyrene solutions
in toluene. After 10 seconds immersion, the sheets were allowed to drain and
excess solution was removed by light blotting. The treated papers were drum
dried in the usual manner and then submitted for the full range of physical
tests. Results are recorded in Table 17.
-68- Report Two
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Table 15. Strength properties and bonding mechanisms (47.21 yield softwood unbleached kraft - classified).
Set Additives, X






Apparent Breaking TEA, Et, Stretch,
Density, Length, km kgm/m2 kg/c m
g/cc Av. SD Av SD Av. SD Av. SD
140 Blank controls
141 PAB, 1.0
142 PAE, 1.0; CMC, 0.4
143 PEI, 1.0
144 PEI, 1.0; PSFA, 0.2
145 PEI, 1.0; PAA, 0.2
Set Additives X
No. based on fiber
140 Blank control
141 PAE, 1.0




















2.63 0.091 1.88 0.377 248 23.6 1.7 0.29
4.50 0.389 4.91 0.389 273 12.3 2.6 0.24
6.63 0.471 8.72 0.810 344 20.7 3.4 0.16
3.49 0.181 3.24 0.465 342 10.5 2.0 0.14
3.93 0.442 4.36 1.15 334 18.9 2.5 0.40







































144 PEI, 1.0; PSFA, 0.4
145 PEI, 1.0; PAA, 0.2
Set Additives, X
No. based on fiber
140 Blank controls
141 PAE, 1.0
142 PAE, 1.0; CNC, 0.4
143 PEI, 1.0
144 PEI, 1.0; PSFA, 0.2













1.86 0.042 2.94 0.166 119
2.25 0.222 3.71 0.488 115




































No evidence of ester formation
No evidence of ester formation; broad band at 1700-1600 cmu
1
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Table 17 (Continued). The effects of externally applied polystyrene on














SD Av. SD Factor
External Treatments
160 Toluene control
161 10% Polystyrene solution
in toluene










82 PAE, 1.5 10.54 1.060 4.41
83 PAE, 1.0; CMC, 0.4 10.07 0.545 4.37











0.454 0.9 510.11 0.875 3. 78
Project 3526
DISCUSSION OF RESULTS
Results in Table 1 serve to show differences in chemical composition
and some fiber parameters of the pulps used in this part of the program. It
becomes evident in examining the data that rather marked differences can be
found in the sugar and lignin contents. As would be expected, the high yield
pulps (No. 1, 5, and 6) had substantially higher lignin contents. The hemi-
cellulose content varied from 17-22% with TMP containing the highest level and
the 49% yield kraft, the lowest level. The individual sugar contents varied
considerably, most notably in glucan content. The two mechanical pulps (No. 5
and 6) tended to be lower in xylan content but higher in mannan when compared to
unbleached kraft pulps. The bleached softwood kraft had an intermediate hemi-
cellulose content, low xylan, the highest glucan and of course, the lowest
lignin content. It is of interest to note that the isolated fines from the
softwood TMP differed from the whole pulp in hemicellulose and lignin contents
as well as in most of the individual sugar contents.
With respect to CMC/PAE as a bonding agent in whole pulps, it will
subsequently be shown that the most responsive pulps were the bleached kraft and
the once-dried 46-47% yield southern pine unbleached kraft. Of the classified
pulps, the TMP was the most responsive and the CMP, the least responsive. With
respect to composition and with one exception (Pulp No. 7), the most responsive
pulps contained higher levels of xylan and glucan and lower levels of lignin.
Thus, bonding agent effectiveness may be related to pulp composition.
The results in Table 2 and Fig. 1 to 7 show that combining PAE with
the anionic polymers, PSFA or sodium alginate, increased strength to the point
where the resulting strength equalled or exceeded that of 1.5% of PAE in dry and
-76- Report Two
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wet tensile properties. However, in general, the strength afforded by these
anionic/cationic polymer combinations did not match that of CMC/PAE or PAA/PAE.
The optimum anionic polymer/PAE ratio was 0.1-0.2 which may reflect an approxi-
mate balance in anionic/cationic charge. (Alginates contain one carboxyl
group/sugar unit comprised of mannuronic and guluronic acids.) Since the addi-
tion level was increased with polymer ratio, the maxima achieved at lower ratios
would translate to economic advantages. It may be noted that PAA/PAE was par-
ticularly effective in this 57% yield softwood unbleached kraft. In subsequent
comparisons, CMC/PAE was generally the more effective polymer combination.
Reasons for the high level of effectiveness of PAA/PAE in this pulp are not
apparent. Also, the moist compressive strength factors obtained with the
reference bonding agents (PAE, CMC/PAE, etc.) were unusually high when compared
to the factors obtained with the same additives in other pulps of conventional
yield. A spuriously low moist compressive strength in the blank controls could
account for these results (refer to Fig. 7).
Other results of interest in Table 2 (Sets 11 and 12) indicate that
either dispersed rosin size or synthetic size can be used to produce water
resistance in handsheets containing PAA/PAE. However, the dispersed rosin size
reduced strength properties, whereas the synthetic size tended to enhance
strength in most cases. This may be due to the presence of starch in the
synthetic size. Alum greatly reduced the effectivness of the PAA/PAE system,
presumably due an excess of cationic charge and/or destabilization of the
polyacrylic acid. (Note: Handsheets containing CMC/PAE were previously found
1
to be readily sized.) Finally, one of the more significant results in Table 2
is that found in Set 2, where increasing wet pressing to produce a sheet density
roughly comparable to that obtained through the addition of polymer additives
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(Sets 3-8), failed to match the strength properties afforded by the polymer
bonding agents.
Moving on to Table 3, we find that addition of pectins, by themselves,
had little or no effect on strength properties presumably due to the anionic
character of these materials which have 1 to 3 carboxyl groups/4 galactose units in
the galacturonan-rhamnose polymer. However, when combined with PAE (Table 4;
Fig. 8 to 13) the synergistic effects found previously with other anionic polymers
were again evident. This applies to both the citrus fruit and sugar beet pec-
tins, although the fruit pectin was more effective. In general, the fruit
pectin/PAE combinations produced several strength properties which equalled or
exceeded CMC/PAE or PAA/PAE, depending upon the polymer ratio and addition level.
However, somewhat higher addition levels and/or pectin/PAE ratios (0.6-1.0) were
required to achieve these advantages and, considering the cost of pectin
(>$3.00/lb), it was not considered feasible to pursue these studies.
Somewhat more practical results are presented in Table 5 and Fig. 14 to
18 using a once dried softwood unbleached kraft pulp. While the anionic starch/
PAE combinations did not match the overall performance of CMC/PAE, the anionic
potato starch/PAE combination (Set 56) approached or equalled CMC/PAE in most
strength properties. This would apply in particular to those properties which
are of specific interest to this project, i.e., moist Et and compressive strength
(Fig. 17 and 18). These anionic starches contain 1.2 to 1.4% of carboxymethyl
groups, which corresponds to a degree of substitution (DS) of only 0.11-0.12
compared to a DS of 0.7 for the CMC and 1.0 for PAA. This may account for the
greater amount of potato starch required to improve bonding compared with CMC.




Subsequent work involved a comparison of the effectiveness of PAE,
CMC/PAE, and PAA/PAE in whole and classified pulps differing in type, wood
source and yield. The first of those involved a softwood TMP with results in
Table 6 and Fig. 19 to 23. Bar graphs (Fig. 19 to 22) show a general trend for
lower strength levels in the classified pulp series as might be expected. On
the other hand, the lower strength of the blank controls from the classified
pulp also results in a greater difference between the controls and sheets con-
taining PAE and the duopolymer systems. In the case of the whole pulp, this
manifests itself in generally lower improvements in the presence of the additives.
Another effect that becomes evident is the relatively low response to the addi-
tives in dry and moist Et and moist compressive strength (Fig. 21 to 23)
suggesting that improved interfiber bonding may not be sufficient for high moist
Et and compressive strength. Finally, in the case of the softwood TMP, CMC/PAE
was consistently more effective than PAA/PAE and the latter, in turn, was more
effective than 1.5% PAE in most but not all cases. The duopolymer systems again
produced high levels of breaking length, TEA, and stretch, both dry and moist;
also wet tensile.
Table 7 and Fig. 24 to 29 compare results for the whole and classified
49% yield softwood unbleached kraft (Pulp No. 3). In agreement with the results
from the softwood TMP study, generally higher strength levels were obtained with
the whole pulp. Once again, CMC/PAE provided the highest dry and moist breaking
lengths, but PAE or PAA/PAE produced the highest Et levels. As previously
observed, differences in additive effectiveness were rather slight, particularly
in the case of moist Et. Differences in dry compressive strength were more pro-
nounced, due possibly to the age of the samples at the time of testing.
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The results in Table 8 compare polymer effectiveness at pH 7 to 9 vs.
4.5 to 5.0. Some slight differences in strength properties are evident. For
example, PAA/PAE appears to be more effective in dry strength at pH 4.5 but this
does not apply to moist and wet strength properties, excluding compressive
strength. It was expected that PAA/PAE might prove consistently more effective
at low pH, since PAA is quite acidic and would be substantially in the
nonionized form at pH 4.5. Under this condition, the polyacrylic acid should be
more amenable to ester formation. Results with CMC/PAE were also inconsistent
with respect to pH. In that case, higher dry and moist tensile strength was
produced at pH 7 to 9.
A comparison of whole and classified pulps from the once-dried soft-
wood unbleached kraft are presented in Table 9 and in Fig. 30 to 35. In this
case, as in the previous two, the whole pulp tended to produce higher strength.
Et (Fig. 32 to 33) again showed a low response to the polymeric bonding agents,
particularly in whole pulp. Greater differences are evident in dry and moist
compressive strength (Fig. 34-35). It is of interest to note that treating the
classified pulp with CMC/PAE produced strength properties which in most cases
roughly equalled those of the whole pulp containing the same polymers. This
applies to several pulps utilized in the program.
The next comparison of whole and classified pulps involved a spruce
chemimechanical pulp, and the results are presented in Table 10 and Fig. 36 to 41.
In general, the trends in strength properties follow those of the previous
pulps. Greater improvements in strength properties occurred in the classified
pulp as reflected in the moist and wet tensile and moist compressive strength
factors. It is of interest to note that the CMP had dry tensile strengths in
the whole and classified conditions equal to those of the average yield, once-
dried unbleached kraft. On the other hand, percentage increases due to CMC/PAE
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were slightly lower in the CMP. The final comparison of polymer additive
response involved the softwood bleached kraft (Pulp No. 7). Results for this
series are presented in Table 11 and Fig. 42 to 49. Setting aside Sets 105 to
108 temporarily, we find that the bleached kraft pulp responded to the bonding
agents in about the same manner as the preceding pulps. Actually, the response
of the whole bleached kraft pulp to CMC/PAE was the highest of all pulps insofar
as dry tensile is concerned, while the increase in the classified pulp was com-
parable to the average yield unbleached kraft pulps. No attempts will be made
to interpret the brightness data, since these tests were made several weeks after
the handsheets had been prepared and are, therefore, subject to error.
Sets 105 to 108 and Fig. 48 and 49 show the effects of blending carboxy-
methylated fiber with the bleached kraft pulp at addition levels ranging from
0.04% (Set 105) to 10% in Set 108. This represents an interesting series, since
the CMC is part of the fiber fraction and was not added externally. However,
upon comparing results obtained with internal addition vs. external addition
(Sets 103 and 105) and Fig. 48 and 49, it becomes evident that having the CMC pre-
sent in fibrous form is notably less effective than external addition. Diffuse
reflectance FTIR analysis of Sets 103 and 105 (Table 11) indicates that a higher
level of ester formation occurred with external addition. Conceivably, the carboxyl
groups in the blended pulps are less accessible for covalent bonding compared
with external addition. These results lend some support for the concept of
homocrosslinking in Sets 105 to 108 as described by Westfelt3 .
The foregoing series (Unit 2) provided a comparison of bonding agent
effectiveness in whole and classified pulps, and it is concluded from this unit
that the presence of fines reduces the effectiveness of the bonding agents in most
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cases. That is, greater improvements in strength relative to the blank or PAE con-
trols are achieved in classified pulps. Conceivably, the fines fraction adsorbs
a disproportionate amount of the bonding agent, thereby masking its effectiveness.
Another conclusion to be drawn from this unit is that the bonding agents are
generally more effective in improving breaking length than Et suggesting that
the polymers improve interfiber bonding but have a notably reduced effect on
bulk properties.
The next unit considers the effect of fines on strength properties
both in the absence and presence of bonding agents. Two pulps were utilized
in this work: a high yield softwood TMP (Pulp No. 5) and an average yield soft-
wood unbleached kraft (Pulp No. 4). Results for the TMP (Table 12 and Fig.
50 and 51) show that readdition of isolated fines to the classified pulp produced
dry and moist strength properties which were equal to, or greater than, those of
the whole pulp, provided that the moist strength properties were measured at a
moisture content of 15 to 16% or 88 to 89% R.H. This moisture level is roughly
comparable to that encountered with the kraft pulp conditioned at 91 to 93% R.H.
Addition of double the normal level of fines greatly increased most strength
properties but failed to reach the level afforded by the polymer bonding agents.
Other noteworthy effects in Table 12 include the following:
1. CMC/PAE proved generally superior to PAA/PAE
2. Addition of CMC/PAE to the classified fiber was generally more
effective than to the fines fraction treated separately,
3. With a few exceptions, combining treated classified fibers and
fines to form a whole pulp produced higher dry, moist, and wet




4. Treating the long fiber fraction with 1.4% of CMC/PAE was
generally equivalent to, or superior to, the addition of 60%
of untreated fines.
A parallel fines-additive study was carried out with the once-dried
unbleached softwood kraft (Pulp No. 4) and the results are recorded in Table 13
and Fig. 52 and 53. In contrast to the TMP study, readdition of fines equal to
the level contained in the whole pulp (12%) failed to match the original whole
pulp in dry and moist strength properties. However, like the TMP, maximum
strength was generally obtained when the bonding agents were added to the long
fiber fraction or to both the long fiber fraction and fines fraction in propor-
tion to their weight. In this case, CMC/PAE and PAA/PAE were more effective
than PAE in both the classified and whole pulps.
Thus, it may be concluded from the fines-additive study that the most
effective use of polymer bonding agents involves addition to the long fiber frac-
tion rather than to the fines fraction. These results conform to the previous
unit which showed that, in most cases, greater increases in strength, relative
to the controls, were achieved when the bonding agents were added to the
classified pulps.
Results obtained in studies of bonding mechanisms are presented in
Tables 14-16. The data in Table 14 show clear evidence of covalent bonding with
CMC/PAE and PAA/PAE in a variety of pulps. While limited in scope, the data in
Table 15 reveal several noteworthy effects.
First of all, neither PEI nor cellulose can react with PSFA to form
a covalent bond but, theoretically, PAA could react with cellulose to form an
ester (covalent bond). Of course, it was previously established in Progress
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Report One and Table 14 of this report that CMC/PAE reacts either with itself or
cellulose to form ester bonds. However, the analytical data in Table 15 show no
evidence of ester formation with PEI, PEI/PSFA, and PEI/PAA. In spite of this,
rather substantial strength improvements were obtained in Sets 143 to 145 and, in
particular, Set 145, which proved about as effective as PAE. PAE is capable of
forming ester linkages as shown in Table 16. If it is assumed that the rela-
tively high strength developed in Set 145 was due to ionic bonding (in keeping
with the relatively low wet tensile factors) then it may be concluded that ionic
bonding may be about as effective as covalent bonding in producing dry and moist
strength properties. Of course, the highest overall strength levels occurred in
Set 142, where covalent bonding is known to occur.
The results in Table 16 indicate that covalent bonding occurred only
in Set 48 (1% PAE). Of course, previous evidence indicated that covalent bonding
also exists in the CMC/PAE and PAA/PAE systems (Sets 50 and 51). Once again, rather
substantial increases in strength over the blank controls were obtained in the
absence of covalent bonding as in Sets 146, 147, 151, 156, and 159. Some of these
are the same as those in Table 15. Neither PDDAC nor PSFA can form covalent
bonds with cellulose, but when PDDAC was combined with either PAA or PSFA
moderate strength increases were obtained, presumably due to ionic bonding. Of
interest are the high moist compressive strength factors achieved with PEI and
PEI/PAA (Sets 146 and 147). These moist compressive strengths were among the
highest levels achieved to date by the internal addition procedure. Also, wet
tensile factors for these ionically bonded papers suggest better repulpability
than covalently bonded papers. But aside from the strength increases afforded
by PEI, PEI/PAA and several PDDAC combinations, the overall strength levels
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Figure 54. Ionic bonding - PEI + cellulose.
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PEI/PAA compare favorably with PAA/PAE and PAE in most cases and particularly in
Et and compressive strength. Thus, these presumably ionic bonded systems show
potential for improving the strength properties of paper and board, which are of
specific interest to this project. A schematic representing ionic bonding be-
tween PEI and cellulose fibers is presented in Fig. 54.
External treatment of whole softwood unbleached kraft handsheets with
toluene solutions of polystyrene (Table 17) produced rather interesting results,
although of limited practical value at this point. As might be expected, appli-
cation of a material with a high modulus provided a high level of Et and com-
pressive strength at an add-on level of 12%. The moist compressive strength
factor with polystyrene was 2.2 (Set 162) compared with 1.1 for 1.5% PAE and 1%
PAE/0.4% CMC. (Sets 82 and 83). Surprisingly, application of polystyrene also
produced levels of breaking length, TEA, and stretch which were roughly com-
parable to the internal addition of CMC/PAE. Conceivably, some polystyrene may
have penetrated the cell wall under the conditions of these tests and thereby
contributed to strength and moisture resistance. It should be noted that the
moisture contents of the polystyrene-treated papers were notably lower than
those of the internal addition references (Sets 81 to 84). This, in itself
would assist moist strength properties. In any case, some potential for exter-




In brief review, several anionic polymer/PAE combinations produced
strength properties approaching or equalling those of the "standard" CMC/PAE and
PAA/PAE combinations. Of these, carboxymethylated potato starch/PAE appears to
offer the best balance of strength and economic feasibility. While CMPS/PAE
produced slightly lower breaking lengths than CMC/PAE, it tended to produce
higher moist Et and compressive strengths. In most cases, the polymer additives
and combinations were found to be more effective in improving strength in classified
pulps compared to the whole (unclassified) pulps. This was supported in fines-
bonding agent studies utilizing two widely differing pulps. In general, the re-
sults indicate that superior strength can be achieved by adding the bonding agents
to the long fiber fraction rather than to the fines. A softwood TMP proved more
sensitive to the presence of fines than a softwood unbleached kraft pulp. The
bonding agents were more effective in improving breaking length or interfiber
bonding than in enhancing fiber stiffness or bulk properties.
Analysis of polymer-bonded papers using diffuse reflectance FTIR in-
dicates that substantial improvements in strength over the blank controls can be
achieved in the absence of covalent (ester) bonds. Presumably, ionic bonds along
with hydrogen bonds occur in these systems. In some cases, these ionic bonds
were found to provide higher levels of moist Et and STFI compressive strength
but lower wet tensiles than were afforded by the covalently bonded systems. The
lower wet tensiles would be expected to translate to improved repulpability.
Overall, however, higher strength levels were generally attained in covalently
bonded papers. Finally, the external application of polystyrene to unbleached
softwood kraft handsheets was found to provide high levels of Et and compressive
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strength while maintaining tensile and TEA levels roughly comparable to those
achieved by the internal addition of PAE or CMC/PAE. Further consideration will
be given to this approach in future work programs.
Project 3526
FUTURE WORK
While covalently bonded fiber networks, as exemplified by CMC/PAE,
continue to demonstrate the highest overall strength properties in a wide range
of pulps, it now appears that high moist Et and STFI compressive strength can be
achieved in the absence of covalent bonding, i.e., in the presence of ionic
bonding. Future work will pursue these systems in order to provide a viable
alternative to the covalently bonded papers which are difficult to repulp. This
work will not detract from the continued pursuit of new bonding agents, in par-
ticular, materials which could replace PAE as the cationic component in duopolymer
systems. Means will also be sought to improve the efficiency of polymer bonding
agents in whole (fines containing) pulps. The study of bonding mechanisms through
chemical analysis will be continued in an effort to differentiate between polymer-
to-polymer bonds and polymer-to-fiber bonds. Finally, consideration will be
given to external treatments which would be more amenable to practical mill
operations than the solvent applications described in this report.
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